An investigation of some effects of drifts and magnetic field direction in the scrape-off layer and divertor of tokamak plasmas by Stacey, Weston M.
An investigation of some effects of drifts and magnetic field direction
in the scrape-off layer and divertor of tokamak plasmas
W. M. Staceya
Fusion Research Center, Georgia Institute of Technology, Atlanta, Georgia 30332, USA
Received 19 December 2008; accepted 25 February 2009; published online 3 April 2009
Various effects of particle drifts in the scrape-off layer SOL and divertor of tokamaks have been
calculated. The predictions are consistent with several experimentally observed phenomena, e.g., the
double reversal of parallel ion velocity in the SOL and the enhanced core penetration of argon
injected into the divertor when the grad-B ion drift is into, rather than away from, the divertor. Other
interesting phenomena, such as the structure of the parallel current flowing in the SOL and the
reversal of the sign of the electrostatic potential in the SOL when the toroidal field direction is
reversed, are also predicted. © 2009 American Institute of Physics. DOI: 10.1063/1.3099604
I. INTRODUCTION
The physics of the plasma outside the last closed flux
surface, or separatrix, in the edge of diverted tokamak plas-
mas is a subject of current research interest, both because of
the intrinsic importance of the physics of the scrape-off layer
SOL and divertor for heat removal and particle exhaust in
tokamaks, but also because of the growing evidence of the
influence of divertor and SOL physics on the physics of the
edge pedestal region and hence on the performance param-
eters of the “core” plasma.
The diverse thermodynamic, electrical, magnetic, atomic
physics, etc., phenomena that interact to determine the prop-
erties of the SOL and divertor make this plasma edge region
both a rich source of complex physical phenomena and a
computational challenge. Pioneering computational and ex-
perimental studies e.g., Refs. 1–6 have identified the im-
portance of cross-field drifts and currents in understanding
experimental phenomena in the divertor and SOL. In particu-
lar, various plasma edge phenomena have been found to be
quite sensitive to the direction of the ion grad-B drift, toward
or away from the divertor. This observation of the strong
impact of drifts and magnetic field direction on divertor and
SOL plasma parameters has motivated the computational in-
vestigation presented in this paper.
This paper presents an analysis of the effect of magnetic
field direction, acting through curvature, grad-B and EB
drifts, on the divertor and SOL parameters for a model prob-
lem representative of a DIII-D Ref. 7 H-mode discharge.
The particular objective of these calculations was elucidation
of the mechanisms by means of which particle drifts and the
direction of the toroidal magnetic field affect the densities,
temperatures, flows, currents, and electric fields in the di-
vertor and SOL. The investigations were informed by re-
cently observed new experimental phenomena.
The calculation model is described in Sec. II, the calcu-
lated effects of grad-B, curvature and EB drifts on divertor
and SOL plasma parameters for different toroidal magnetic
field directions are discussed in Sec. III, and a summary is
provided in Sec. IV.
II. CALCULATION MODEL
In principle, such an investigation as is presented in this
paper could be carried out by solving directly the governing
equations for the flows, currents, densities, temperatures,
electric fields, etc., in the SOL and divertor. However, such
an approach leads to practical difficulties, as found and cir-
cumvented by previous workers e.g., Refs. 1 and 2.
One difficulty is that the resulting calculation of some
important quantities is of the form of a small difference of
two or more large terms, leading to numerical problems in
achieving a solution. This has led previous workers to ma-
nipulation of the equations involved to analytically eliminate
the larger parts of these terms which can be canceled; e.g.,
Rozhansky et al.2 state that “To avoid numerical problems
while the code is running, in several places divergence-free
terms in the particle and current balance equations are can-
celed analytically.” These authors go on to show that the
divergence-free part of the diamagnetic velocities are propor-
tional to gradients in the magnetic field and state “Physically,
velocity Eq. 6 for the non-divergence-free part of the dia-
magnetic velocities represents vertical guiding centre drift of
ions caused by B.”
Rozhansky et al.2 proceed to evaluate these non-
divergence-free parts of the diamagnetic flow numerically by
differentiating the magnetic field, which introduces a second
difficulty—the requirement for a very accurate representation
of the magnetic field geometry. Rognlien et al.1 avoid this
second difficulty by using analytical expressions for the
divergence-free leading order diamagnetic and EB drifts
and then using analytical expressions for the higher order
grad-B and curvature drifts rather than numerically differ-
entiating the local magnetic field, thus avoiding the require-
ment for a very accurate representation of the local field
geometry. They represent the ion grad-B drift as “downward
toward the X-point,” i.e., as vertical, and adopt a radial-
poloidal coordinate system.
We take into account the experience of these two previ-
ous sets of authors1,2 in formulating a solution procedure for
the flows, currents, densities, etc., in the SOL and divertor.
Specifically, we use the leading order divergence-free dia-
magnetic velocity to calculate particle flows, but use the ana-
lytical vertical grad-B and curvature drift expression to ac-aElectronic mail: weston.stacey@nre.gatech.edu.
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count for the contribution of the diamagnetic flows to the
divergence of the current, and we use a radial-poloidal ge-
ometry but with the poloidal component mapped onto a
“pseudoparallel” coordinate to facilitate the description of
the calculation. We further approximate the radial calcula-
tions in order to reduce the computational intensity of the
calculation.
A. Geometrical model
The calculation is formulated in the “radial-poloidal”
strip of plasma outside the separatrix shown in Fig. 1. For
convenience in representing the divertor channels and in de-
scribing the geometric location within the SOL, the poloidal
coordinate is mapped onto a pseudoparallel coordinate. The
plasma outside the separatrix is modeled as a “stack” of two-
dimensional 2D strips, or “ribbons,” that spiral about the
core plasma q times between X-points following the mag-
netic field lines from the inner to the outer divertor target
plate. Nonuniformities in the magnetic geometry are repre-
sented by particle “drifts” to account for the effects of field
gradients and curvature while retaining a simple computa-
tional geometry. The parameter  designates the distance
“along the field lines” from the inner =in to the outer
=out divertor targets.
B. Radial transport
The 2D transport problem in this strip is reduced to one-
dimensional by writing the divergence of the particle and
heat fluxes as, e.g., for the particle flux  •=d /d
+d /dr and approximating the radial term by following ex-
periment observation to assume that the density and tem-
perature exponentially attenuate radially outward from the
separatrix, n=nsep exp−r /n in the SOL. Requiring conti-
nuity across the separatrix of the ion particle flux 
sep from
the core into the SOL with a diffusive radial particle flux in
the SOL r=−Ddn /dr identifies n=nsepD /
sep. At the
outer edge of the SOL, which is taken as a distance n
outside the separatrix, the radially outward ion flux lost from
the SOL plasma is 
sol=Dn
−1nsepe





− /n for the radial contribution to the divergence of the
particle flux. In this work, =1 is used in the SOL between
X-points and =3 is used in the divertor channels to reflect
the expansion of field line separation.
In the divertor channel, the density, and temperature dis-
tributions outside the separatrix are observed to first increase
sharply with “radial” distance from the separatrix, peak, and
then attenuate exponentially with further distance from the
separatrix. This observation is indicative of a diffusive type
loss both inward into the private flux region and outward
toward the divertor chamber walls. There is no incident ion
particle flux from the core, of course, so only the radial trans-
port loss term −Dn /n
2 is present in the divertor.
A similar argument can be used to approximate the radial
component of the divergence of the heat flux, Q. When it
is further assumed that parallel heat flux is dominated by
electron heat conduction, QdT /d=0T5/2dT /d, the
resulting approximation of radial transport is dQ /dr
−Q
sep /E1−e−Q /E, where E=2nsepTsep /
7Q
sep, with Q
sep representing the heat flux from the core
flowing across the separatrix into the SOL. In the divertor
channel only the transport loss term −nT /E
2 is present.
Thus, the radial transport is represented by the param-
eters n and E, which can either be determined from ex-
perimental measurements or calculated from theoretical
models for radial transport. The Bohm transport coefficients
D=T /16eB , =5T /32eB are often used, but any other
diffusive transport model can equally well be used. Repre-
sentation of nondiffusive radial transport e.g., “blob trans-
port” would probably require an extension of this formal-
ism, but this is beyond the scope of this paper. Since radial
transport is poorly understood at present, the use of experi-
mentally observed gradient scale lengths would seem prefer-
able in the interpretation of experiments.
C. Temperature, density, and velocity distributions
The parallel energy balance equation solved for the heat
flux Q in the SOL and divertor in a strip running from the
inner divertor target plate around the plasma in a clockwise
positive direction to the outer diver plate, as shown in Fig. 1,
is
FIG. 1. Geometric model of SOL-divertor. Reprinted from Ref. 8.
042502-2 W. M. Stacey Phys. Plasmas 16, 042502 2009
















− Prad − Pat + P, 1
where Q is the perpendicular heat flux across the separatrix
into the SOL reduced by the radial transport heat loss from
the SOL, the second term represents impurity radiation and
bremsstrahlung cooling, and the last three atomic physics
terms represent ionization cooling, recombination heating,
and charge-exchange plus elastic scattering cooling of the
plasma. The sheath boundary conditions specify a heat flux
into the inner and outer divertor plates












 1 − mi/me
21 + Ti/Te
 3
is the sheath coefficient and  is the secondary electron emis-
sion coefficient.










+ neion − rec , 4
where  is the perpendicular particle flux from the core
across the separatrix into the SOL reduced by the radial
particle loss and “ion” and “rec” refer to ionization and
recombination. The sheath boundary conditions specify that
the particle fluxes into the target plates are
in = − nincs,in, out = noutcs,out, 5
where cs is the sound speed. In both Eqs. 2 and 5, the
minus sign indicates that the flux is into the plate at the inner
divertor target in the negative sense of the parallel coordinate
. These incident ions are recycled as neutral atoms and mol-
ecules, with the latter being dissociated immediately and
transported as low energy atoms until they have a charge-
exchange or elastic scattering collision, upon which they are
combined with the higher energy reflected neutrals and trans-
ported throughout the divertor and SOL and inward across
the separatrix.9
Solving Eqs. 1 and 2 for





− Prad − Patd 6
and assuming that parallel heat transport is dominated by
classical electron heat conduction Qq=−0T5/2dT /
d=−2 /70dT7/2 /d leads to a solution for the temperature





















− Prad − Patdd. 7







2p + nm	2 = − mcxel + ion  − mmom
8
and integrated to solve for








M can then be equated to 2p+nm	2 to obtain a quadratic
equation in n
2p + nm	2  2nT + m2/n
= M , 10




1  1 − 8mT2/M2 11
that can be used in the definition of  to obtain the plasma
flow velocity
	 = /n . 12
The sheath boundary condition on the parallel flow velocity
is
	in = − cs,in  −2Tinm , 	out = cs,out 2Toutm .
13
In all calculations to date, the larger value obtained using the
+ sign in Eq. 11 has been of the magnitude observed in
experiment, but the smaller value has not been physically
unreasonable, perhaps implying the existence of a lower den-
sity divertor regime.
D. Electrostatic potential


















which can be integrated to obtain
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 = in +
1.71
e












where the potential just in front of the target plate is given by
the current-potential sheath relation between the potential



















2e /me , e=3meT3/2 /42ne ln e4.
It is noted that although the “standard” procedure1,2 for
calculating the potential in the SOL-divertor region involves
substituting the parallel current from the parallel momentum
balance of Eq. 14 into the current continuity condition
 · j=0, the second entry of Ref. 2 demonstrates that a one-
dimensional calculation of the poloidal or parallel depen-
dence of the potential such as developed in this section can
provide an accurate result.
It is further noted that any effect of ion orbit loss10 on the
calculation of the electrostatic potential is not included in
this model.
E. Parallel current
The net current density into the target plates is given by
the sum of the ion current density necsi and the electron
current density, 1 /4n−ec̄eee/T for a Maxwellian distribu-
tion,
jpl
in = necsi − 14 c̄eee/Te , 17
where c̄e= 8Te /me1/2 is the average electron speed for a
Maxwellian distribution.
The current density must be divergence-free,










which may be solved for









The minus sign in front of the first term on the right results
from the fact that Eq. 17 specifies the current into the inner
divertor plate, while the positive sense of the current in this
model is out of the inner divertor plate but into the outer
divertor plate; i.e., jin=−jpl
in.
These cross-field currents are driven by grad-B and cur-
vature drifts, as discussed in the following section. They are
not driven by EB drifts, which are the same for ions
and electrons and hence do not produce currents to leading
order neglecting finite Larmour radius effects. The dia-
magnetic currents have been shown to be almost
divergence-free,1,2,5,11,12 except for small terms related to the
nonuniformity in B, which following Ref. 1 are treated in
terms of the grad-B and curvature drifts. The divergent part
of the diamagnetic current has been shown to correspond to
the vertical drift current due to grad-B and curvature.2 Cross-
field currents also may be driven by cross-field transport,
viscosity and other mechanisms that have different effects on
ions and electrons, but these mechanisms have been found1,2
to provide smaller contributions and are not considered at
present.
F. Grad-B and curvature drifts

























where nz is a unit vector in the vertical direction, up or down
depending on the direction of B, and 	 	th. The drifts are in
opposite directions for ions and electrons because of the
charge sign difference, producing a current




At this point, a specific current and magnetic field con-
figuration is adopted for the purpose of description, as shown
in Figs. 1–4. For this configuration, the vertical unit vector nz
is directed downward. Thus, the radial drift currents are ra-
dially inward from the SOL into the core in the upper hemi-
sphere 0 and radially outward from the core into
the SOL in the lower hemisphere 2, as indicated
in Fig. 2.
The ion grad-B and curvature drifts also produce a po-
loidal particle drift which is represented in the “parallel” co-
ordinate system as
B







which is downward in both the inner and outer SOLs and
divertors, as indicated in Fig. 2. Here, the angle  is with
respect to the outboard midplane. In the divertor, cos  is
replaced by sin , where  is the angle of incidence with
respect to the horizontal of the separatrix, as illustrated in
Fig. 2.
Using Eq. 21 to evaluate the radial drift current in Eq.
19 and adding the poloidal drift current from Eq. 22 pro-
vides an equation for the resulting parallel current in the
SOL as a result of the divergence of the radial grad-B and
curvature drift currents plus the poloidal drift current
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j = jin + 
in




  jin + jB . 23
The radial gradient scale lengths of temperature and density
are defined in terms of the radial transport coefficients in the
SOL n=nsepD /
sep , T=nsepTsep /Q
sep, or they may be
taken from experiment.
G. Solution for currents and potentials
at target plates
Once the densities and temperatures are determined at
the inner and outer divertor target plates by solving Eqs.
1–13 in an iterative loop, Eqs. 14–23 can be solved
for the electrostatic potentials and currents at the target
plates. The current at the outer target can be evaluated from
Eq. 23.
In general, the radial currents flowing across the separa-
trix are not radially ambipolar radially divergence-free at
every poloidal, or parallel , location in the SOL and di-
vertor. Only the total current radial plus poloidal or parallel
currents is required to be divergence-free, as indicated ex-
plicitly in Eqs. 18, 19, and 23. In other words, parallel
currents are set up to balance any divergence in the local
radial current and maintain the SOL and divertor plasma
quasineutral.
However, there remains also a requirement for quasineu-
trality of the core plasma inside the separatrix, which consti-
tutes a requirement that the net radial current across the sepa-
ratrix must vanish. Note that this does not require that the
radial current must vanish at every parallel location , but
rather that the integral of the radial current crossing the sepa-
ratrix taken over the entire separatrix vanishes; i.e., inward
currents at one location can be compensated by outward cur-
rents at other locations to maintain quasineutrality of the core
plasma. The radial currents due to grad-B and curvature
drifts are represented by the second term in Eq. 23, the
integral over the separatrix of which will not vanish in gen-
eral. This imbalance in the integrated radial current between
the core and SOL must be balanced by radial currents driven
by parallel viscosity, inertia, ion-neutral friction, perpendicu-
lar viscosity, etc.,2 which phenomena are not included in the
present model. It is intended to include other radial currents
in a future version of this model. However, in the present
model these additional radial currents are taken into account
by an “integral-ambipolarity” condition consistent with
maintenance of core plasma neutrality. This condition is im-
posed by adding or subtracting a constant to the term in
square brackets in Eq. 23 that will cause the integral over
the separatrix of the radial current between the core and SOL
FIG. 2. Schematic illustration of direction of radial and parallel components
of vertical downward for B− toroidal magnetic field direction grad-B and
curvature drifts. Reprinted from Ref. 8.
FIG. 3. Schematic of direction of parallel electrostatic field and associated
radial EB drifts for electrostatic potential increasing from divertor target
to SOL crown and B− toroidal magnetic field direction.
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to vanish in effect the other radial currents are represented
as being distributed uniformly over the SOL. This “integral-
ambipolarity-constrained” current integral is represented by
 ĵB. With this representation, Eq. 23 yields a relation
between the currents into the plates at the inner and outer
divertor targets
jpl
out  jout = jin + 2neB




Equation 15 yields a relation between the potential just in
front of the inner and outer plates
out = in +
1.71
e









out jin +  ĵB

d. 25
Using Eqs. 16 with jpl
in=−jin and jpl
out given by Eq. 24
in Eq. 25 yields an equation that determines jin. Note
that although the integral of the radial currents over the SOL
must vanish, the current integral in Eq. 25 is weighted by
1 / 1 /T3/2 and extends also over the divertor plasmas.
This equation displays the well known result that the current
in the SOL is driven by differences in potentials and tem-
peratures at the target plates and by drifts due to the nonuni-
formity and curvature of the magnetic field and other
causes.
The above development has implicitly assumed that the
target plates are at zero potential. If the plates are biased with
respect to ground, then in,out⇒in,out+in,out
bias in the above
equations.
H. EÃB drifts
Although EB drifts do not produce currents, they do
produce particle flows. The poloidal variation of the electro-
static potential produces an electric field and a corresponding
“radial” EB drift. This electric field is E=−, which, in
general, has poloidal and radial components. We estimate
this poloidal electric field and the resulting radial drift as
E = − 
 d
d
  − 
d
d






directed as illustrated in Fig. 3 for the case in which the
potential is negative in front of both target plates and in-
creases to a maximum positive value at some point toward
the top of the plasma in this model. Note that this electric
field is in the poloidal direction, and the parallel subscript
indicates its representation in the parallel coordinate system,
as discussed in Sec. II A.
The radial EB flows from the outboard divertor chan-
nel into the private flux region and from the private flux
region into the inboard divertor channel will transfer ions
from the outboard divertor channel across the private flux
region beneath the plasma to the inboard divertor channel.13
The “radial drift” loss or gain of ions from both the SOL







where n is an estimate of the “radial width” of the SOL
calculated as discussed for Eq. 6 and 3 is a flux surface
expansion factor taking into account the widening of the
SOL into the divertor channel. Assuming that some fraction
fEB of the ions lost into the private flux region from the
outboard divertor channel flow into the inboard divertor
channel, the source density of ions to the inboard divertor









where Xout,in denotes the location of the X-point in the outer,
inner SOL divertor.







+ neion − rec + niEB + B + SEB
in , 29
where the source term SEB
in is only present in the inboard
divertor channel, for the field configuration shown in Figs.
FIG. 4. Schematic of direction of radial electrostatic field Er=− /r
−Te /r and corresponding parallel EB drift in SOL inward tempera-
ture gradient and divertor outward temperature gradient for B− toroidal
field direction.
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1–4. The quantity B is a radial transport frequency defined
by an expression like Eq. 25 but using the radial curvature
and grad-B drifts given by Eq. 20.
Positive radial drifts correspond to outward ion flow
from the core into the SOL and constitute a source of ions to
the SOL, while negative radial flows correspond to inward
flows of ions from the SOL into the core and constitute a loss
of ions in the SOL. In the divertor channels radial drifts in
either direction constitute a loss of ions, and the radial drift
frequencies in Eq. 29 are negative.
There is a radially outward directed electric field in the














  T−1, 30
which produces poloidal clockwise EB drifts and particle












as illustrated in Fig. 4.
The representation of this poloidal particle flux in the











which circulates clockwise around the SOL, as illustrated in
Fig. 4.
The temperature distribution at the divertor target plate
has been observed to peak somewhat outside the separatrix
i.e., to the right/left of the separatrix in the outer/inner di-
vertor, causing the direction of the radial electric field along
the separatrix to change from outward in the SOL to inward
into the private flux region in the divertor channel. This pro-
duces a drift particle flux downward in the inner divertor and
upward in the outer divertor, as illustrated in Fig. 4.
Both the drift particle fluxes Eqs. 22 and 32 are
additive to the particle flux due to particle sources calculated
from Eq. 29.
I. Diamagnetic drifts
The leading order local force balance on the plasma bal-
ances the pressure gradient with a VB force, with the result
that pressure gradients drive drift velocities orthogonal both
to the field and the pressure gradient. In particular, a radial
diamagnetic flow is driven by the pressure gradient in the
direction perpendicular to the 2D strip in which the transport





















The radial pressure gradient also drives a diamagnetic drift
velocity in the direction perpendicular to the 2D strip along
the field lines of this calculation, but this drift is not consid-
ered in this calculation.
It has been shown2 that the diamagnetic drift contribu-
tions produce currents and particle fluxes that are
divergence-free except for small contributions due to field
nonuniformities which are, in fact, the grad-B and curvature
drift contributions. Thus, the above grad-B and curvature
drift contributions represent the surviving diamagnetic drift
contributions, and there are not additional explicit diamag-
netic drift contributions in this calculation.
J. Total parallel ion flux
The total parallel ion flux is calculated by integrating the
particle balance Eq. 29, including the radial transport and
radial drift losses and sources, and adding the poloidal
grad-B and EB drift fluxes of Eqs. 22 and 32








2 + neion − rec
+ niEB + B + dia + SEB
in d
+ B
  + ErB
  , 34
with in given by the sheath boundary condition of Eq. 5 at
the inner divertor target.
As before, the source term SEB
in only obtains in the
inner divertor for the magnetic field geometry of Figs. 1–4.
K. Viscosity














ion − rec + nn − n 
1n dnd 35
on the right side of Eq. 8. This changes the solution for
M of Eq. 9 to








The Braginskii parallel viscosity coefficient 
=1.96nTi , i=3miT3/2 /4n ln e4 is used.
Inclusion of cross-field viscous terms introduces addi-
tional cross-field currents, which would alter the parallel cur-
rent calculated from Eq. 19. The usual practice is to at-
tribute cross-field viscosity to anomalous processes
represented by essentially a fitting parameter, but such terms
are not included in the present model.
L. Neutral particle recycling
Neutral particle recycling and gas fueling effects on the
SOL and divertor plasma are calculated with a simplified
geometry 2D interface-current-balance model.9 The atomic
physics data used in the calculation are given in Ref. 14.
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M. Impurities
The momentum balance equation neglecting viscosity
for each individual impurity ion species, k, in a multispecies




2 = zkenkE + Rke + Rki, 37
where e refers to electrons and i refers to the main plasma
ion species. A similar equation obtains for the main ion spe-
cies, with k and i interchanged and the atomic physics mo-
mentum loss term −nimiel,i+cx,i	i added to the right side.
The momentum balance equation for the electrons neglect-
ing inertia and viscosity is
d
d
pe = − eneE + Rei + 
k
Rek. 38













































1 + 0.24z01 + 0.93z0










1.561 + 2z01 + 0.52z0
1 + 2.65z01 + 0.285z0
1
z0 + 1 + mi/mk/2
.






2 + nkExB,k + B,k + dia,k + SExB,k
in ,
43
where the second term on the right represents transport loss
perpendicular to the field lines and the first term represents
the source of impurity particles, and the last two terms on the
right represent the radial drifts of ions between the SOL and
the core and the E B drifting of impurities from the outer
to the inner divertor channel in the geometry of this paper.
For injected impurities, this source is just the local injection
rate. For intrinsic impurities e.g., carbon this source density
is Sk=div,iYik /Lk, where div,i is the incident main ion flux
on the divertor target plate, Yik is the sputtering yield for
target material k for ions of species i, and Lk is the distance
along the field lines in front of the target plate over which the
sputtered atoms become ionized a centimeter or less.
The boundary conditions for the impurity ions are the
sheath boundary condition on impurity ion velocity into the
target plate at the sound velocity, 	k=csk=2T /mk, and the
integral particle balance condition of the particle flux inci-
dent on the divertor targets
in,k = − 1 − Rk
innk,in	k,in






2 + nkEB,k + B,k
+ dia,k + SEB,k
in d ,
44
out,k = 1 − Rk
outnk,out	k,out






2 + nkEB,k + B,k
+ dia,k + SEB,k
in d .
The incident impurity ions are assumed to be recycled with
reflection coefficient Rk as a return flux of impurity ions i.e.,
ionization is assumed to take place immediately.
The total parallel impurity particle flux is obtained by
integrating Eq. 43 and adding the grad-B and E B drift
particle fluxes calculated as discussed above for the main
ions but taking into account the difference in mass and
charge.





2 + nkExB,k + B,k
+ dia,k + SExB,k
in d + B,k  + ErB,k  .
45
The momentum balance Eq. 37 can be integrated to
obtain an equation for the impurity density distribution
nkT + mk	kk


















ini − knk d. 46
042502-8 W. M. Stacey Phys. Plasmas 16, 042502 2009
Downloaded 26 May 2010 to 130.207.50.154. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp
Integrating the electron momentum balance of Eq. 38
yields an expression for the electrostatic potential that now
explicitly accounts for impurities





















nkzk /ni, and in is given by the
sheath relation of Eq. 16.
N. Solution procedure
The coupled set of nonlinear equations described above
are solved numerically, using iterative procedures, the con-
vergence of which is a somewhat delicate process. This so-
lution procedure is incorporated in an integrated modeling
code16 which solves the core plasma power and particle bal-
ances to calculate the particle and heat fluxes 
sep ,Q
sep
flowing across the separatrix from the core into the SOL, the
two-point equations for the divertor and SOL which provides
the background plasma parameters for the neutral calcula-
tion, and the 2D transport of recycling neutrals. This calcu-
lation also provides starting conditions for the iterative solu-
tion.
III. EFFECTS OF DRIFTS ON THE DIVERTOR-SOL
PLASMA DISTRIBUTIONS
As discussed above and as illustrated previously in a
conglomerate way by calculations with the 2D fluid edge
codes UEDGE Refs. 1 and 17 and SOLIPS,2 particle drifts due
to magnetic field gradients and curvature, electric fields, and
pressure gradients have a major impact on determining the
distribution of ion densities, temperature, ion flows, currents,
electric fields, etc., in the divertor and scrape-off layer of
tokamaks. The calculation of the previous section provides
an excellent means for isolating and elucidating these effects,
to which purpose a series of model problem calculations
have been performed.
In order to ensure a realistic plasma edge regime, the
model problem had machine and plasma core parameters of a
DIII-D H-mode discharge, with two exceptions. The two di-
vertor legs were symmetrized i.e., made more like the fig-
ures above than the more asymmetric divertor configuration
actually found in DIII-D in order to avoid geometrical
asymmetries that would otherwise additionally complicate
the interpretation of the results of the calculations. In such a
model problem, the solution in the absence of drifts should
be symmetric. Second, the D-shape of the plasma was not
retained in modeling the essentially vertical grad-B and cur-
vature drifts, with the effect of making the radial and poloi-
dal parallel components of these drifts of symmetric mag-
nitude in the inner and outer SOL.
The model R=1.7 m, a=0.6 m, =1.8, B=2.0 T,
I=1.2 MA, q95=4 represented a lower single null divertor
plasma with the toroidal field such that the grad-B ion drift
was down into the divertor; i.e., the configuration illustrated
in Figs. 1–4. Another calculation was made in which the
toroidal magnetic field direction was reversed. The power
and particle fluxes into the SOL from the core plasma were
calculated to match experimental conditions for an H-mode
discharge.
The equations of the previous section were numerically
integrated over a grid structure along the field lines from the
inner to the outer divertor plates. A small 5 cm in the par-
allel dimension, about 1 cm in the poloidal dimension nor-
mal to the target plates recycling region in front of each
divertor plate, a prerecyling region of twice that length, and
eight other regions represented each divertor channel up to
and including the X-point region total length of each di-
vertor channel of 2.95 m along field lines. The SOL plasma
from inner to outer X-points parallel distance 53.02 m was
divided into 30 equal regions. With reference to Fig. 1, the
recycling regions are 1 and 50, the inner and outer X-points
are in regions 10 and 41, the inner and outer midplanes are in
regions 18 and 33, and the “crown” at the top is regions 25
and 26. The symmetry point is between regions 25 and 26.
All results will be plotted against region number. With the
numerical integration scheme employed in this paper, the
densities, temperature, and quantities constructed from them,
such as the grad-B drift velocities, were calculated as aver-
age values over each region e.g., the density shown in the
following figures for location “1” is an average density over
the first, recycling region in front of the inner divertor, and
the density shown for location “33” is an average over the
region containing the outer SOL midplane. However, quan-
tities such as the parallel particle fluxes and particle veloci-
ties, parallel currents, electrostatic potential and associated
electric fields and EB drift velocities were calculated at the
interfaces between regions e.g., the currents and velocities
shown for location 1 are the values at the inner divertor
target plate, the currents and velocities shown for location
“26” are the values at the symmetry point between regions
25 and 26, and the currents and velocities shown for location
“51” are the values at the outer divertor plate.
Particle sources were treated as follows. The gas fueling
source for the deuterium 1.51020# /s into the upper out-
board plasma chamber was represented explicitly, and the
resulting neutral atoms were transported through the edge
region across the separatrix to fuel the core plasma. An av-
erage ion flux of =1.610
20# /m2 s from the core plasma
into the SOL was calculated, taking into account this neutral
influx into the core, but consisting mostly of ions produced
by the neutral beam particle source. The deuterium ions
striking the target plates consisting both of ions crossing the
separatrix from the core and ions produced by ionization of
neutral atoms in the SOL and divertor were reflected as
neutral atoms at about one-half their incident energy or re-
emitted as molecules which were dissociated into 2 eV atoms
in the recycling regions 1 and 50 and were then transported
throughout the edge region until ionized in the divertor, SOL,
or plasma edge inside the separatrix.
Two impurity ion species were modeled: carbon, which
is an intrinsic impurity, and argon, which is sometimes in-
jected to enhance radiation. The carbon source was the cal-
culated sputtering of the deuterium ions incident on the di-
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vertor target plates and was distributed over the first two
regions i.e., 1 and 2, 49 and 50 in front of the target. Car-
bon ions returning to the target plates were reflected with a
coefficient R=0.99, which included in an approximate man-
ner also the effects of carbon self-sputtering. An argon
source of 21019# /s injected in the private flux region was
assumed to be pumped by the divertor plasma and was rep-
resented as a uniformly distributed particle source in the two
divertor plasmas regions 1-9 and 42-50. The argon ions
incident on the divertor targets were reflected with coeffi-
cient R=0.99. Carbon and argon were each transported as a
single ion species with an average charge state that varied
with local electron temperature along the field lines.
An average heat flux of Q=8. 810
4 W /m2 into the
SOL from the core plasma was calculated from a core power
balance, taking into account the 4.9 MW neutral beam heat-
ing, the small Ohmic heating and the radiation from inside
the separatrix. Both this heat flux and the above ion flux into
the SOL from the core were uniformly distributed over the
SOL regions 11-40.
Radial transport was represented by a gradient scale
length of 2 cm for density and temperature.
A. Drifts
The radial and parallel grad-B, EB and diamagnetic
drifts for the deuterium ions calculated for the magnetic con-
figuration of Figs. 1–4, with toroidal magnetic field in the
opposite direction to the plasma current, were calculated.
The total parallel particle flux, taking into account these
drifts as well as the ion flux into the SOL from the core, was
also calculated. The diamagnetic drifts are very large just in
front of the divertor plates where the parallel pressure gradi-
ents are large, but otherwise the grad-B drifts are the most
important.
Three different situations were calculated for the sake of
comparison: i with the grad-B, EB and diagmagnetic
drifts turned off, ii with these drifts turned on and the tor-
oidal magnetic field in the direction opposite to the plasma
current shown in Figs. 1–4, denoted B−, and iii with the
drifts turned on and the toroidal magnetic field reversed and
aligned with the current opposite to the direction shown in
Figs. 1–4, denoted B+.
B. Density and temperature distributions
The calculated densities and temperatures are shown in
Figs. 5 and 6, respectively. The drifts do not have much
effect on the deuterium density and temperature distribu-
tions, except in the recycling regions 1 and 50, where the
diamagnetic and EB drifts are large. The EB drifts of
Eq. 30 are largest near the divertor target plates because the
electrostatic potential increases most rapidly there, and the
diagmagnetic drifts are also largest near the divertor target
plates, but because the parallel pressure gradients are largest
there. The effect of drifts on the carbon and argon density
profiles is greater than on the deuterium density profile.
With reference to Eqs. 10 and 11, the density profile
is determined by the force balance requirement that the pres-
sure plus inertial forces are constant over the SOL and di-
vertor except for the momentum dissipation, which takes
place for the deuterium ions primarily via atomic physics
collisions with neutrals in the divertor. For the parameters of
this calculation, for which the pressure in the SOL is almost
1000 Pa, the pressure term dominates the force balance, and
the drift effects, which enter the density calculation via the
inertial term in the force balance, have minimal effect except
in the divertor, particularly in the recycling regions. The ef-
fect of drifts on the temperature profile is via the density
profile and is correspondingly small in this problem, again
except in the recycling regions. A greater sensitivity to drifts
was found in a similar comparison2 for which the pressure
was an order of magnitude lower in the SOL; such a sensi-
tivity would result in this calculation also if the pressure
contribution to the M term in Eq. 11 was decreased by an
order of magnitude.
FIG. 5. Color online Deuterium, carbon, and argon ion densities in di-
vertor locations 1-9 and 42-50.
FIG. 6. Color online Temperature distribution in divertor regions 1-9 and
42-50 and SOL.
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C. Electrical current density, potential, and fields
The grad-B and curvature drifts produce radial currents
proportional to the grad-B and curvature drifts given by Eq.
21 and indicated in Fig. 2. Without drifts, the temperature
distribution was symmetric and there was no thermoelectric
current. With the B− drifts, there was a temperature asym-
metry that drove a thermoelectric current and large radial
grad-B drift currents that drove parallel currents in order to
maintain a divergence-free total current density. These radial
grad-B currents and the compensating parallel currents were
in opposite directions for the B− and B+ field directions.
Note that the grad-B currents integrated to zero over the SOL
to maintain ambipolarity, as discussed in connection with Eq.
23. Scrape-off layer currents of comparable magnitude
have been measured in DIII-D H-mode discharges,18 but we
are unaware of any measurements of current profiles in the
SOL.
With the drifts turned off, the symmetric temperature
and density distributions shown in Figs. 6 and 5 result in the
symmetric parallel current distribution shown in Fig. 7 and
the symmetric electrostatic potential distribution shown in
Fig. 8, as calculated from Eq. 15 using Eqs. 16, 24, and
25. Turning on the grad-B drift and changing the direction
of the toroidal magnetic field both produce a dramatic
change in the parallel distribution of the electrostatic poten-
tial, primarily because to the differences in the parallel cur-
rents shown in Fig. 7.
Differentiation of the electrostatic potential profiles of
Fig. 8 produces the poloidal electric fields of Eq. 26. These
fields are generally small in the SOL but become quite large
in the divertors, particularly in the vicinity of the target
plates.
As discussed in connection with Eq. 30, the implica-
tion of Eq. 15 is that the radial gradient of the electrostatic
potential the radial electric field should be approximately
proportional to the radial temperature gradient, which is
characterized by the parameter T
−1=−dT /Tdr. Using T
=2 cm and the temperature profiles of Fig. 6, Eq. 30 yields
radial electric fields which are quite different with and with-
out drifts, primarily because of the difference caused in the
electrostatic potentials of Fig. 8 by the differences in parallel
current distributions shown in Fig. 7. For the B− /+ field
direction, the positive/negative radial electric field in the
SOL corresponds to the temperature decreasing radially out-
ward from the separatrix. In the divertor, the experimental
evidence is that the peak in the temperature profile just in
front of the target is somewhat outside the separatrix, so that
at the separatrix there is a transition from a “negative” tem-
perature gradient in the SOL to a positive temperature gradi-
ent at the target plate, leading to an oppositely directed radial
electric field into the private flux region.
D. Parallel flows
In the absence of drifts, because of the symmetry of the
geometry and of the particle source from the core plasma
into the SOL, the particle flows go symmetrically to the inner
and outer divertor targets, as shown for D in Fig. 9. The
sputtered particle sources in front of the divertor targets for C
are also symmetric, and the resulting C particle fluxes are
symmetric in the absence of drifts, as shown in Fig. 10. For
D, the principle source of ions is the particle flux 
sep from
the core, although there is a smaller source due to ionization
of neutrals primarily in the divertor. Without drifts, flow
stagnation is at the symmetry point between regions 25 and
26 at the crown of the SOL, as shown for D in Fig. 9. For C
the source is the sputtered carbon from the divertor plates
deposited uniformly in the first two regions 1 and 2, 50 and
49, which is basically entrained in the high deuterium flow
toward the plates in these regions.
Turning the drifts on produces two types of effects. First,
the poloidal EB and grad-B drifts of Eqs. 32 and 22
produce a local increase or decrease in particle parallel flow
velocity. Second, the outward and inward radial particle
drifts of Eqs. 20, 26, and 33 produce sources and sinks
of particles in the SOL and divertor, which affect the parallel
particle flux as indicated by Eqs. 34 and 45. The parallel
FIG. 7. Color online Parallel plasma current density in divertor regions
1-9 and 42-50 and SOL.
FIG. 8. Color online Electrostatic potential distribution in divertor re-
gions 1-9 and 42-50 and SOL.
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deuterium ion flux must increase or decrease in response to
this variation in ion sources and sinks to satisfy the continu-
ity equation. The momentum balance equation is dominated
by the pressure term in the SOL, which produces the rela-
tively flat ion distribution over the SOL, so the variation in
ion flux requires the variation in deuterium parallel velocity
shown in Fig. 9.
With reference to Figs. 2 and 3 for the B− field direc-
tion, both the grad-B and EB radial drifts are out of the
core, providing a particle source in the SOL between the
X-point region 10 and the midplane region 18 of the inner
SOL. Between the midplane region 18 and the crown re-
gion 25 the grad-B drift is inward and the EB drift is
outward, providing a sink and a source, respectively, of par-
ticles to the SOL. Between the crown region 26 and the
midplane region 33 of the outer divertor both drifts are
inward from the SOL into the core, providing a particle sink
in the SOL. From the midplane region 33 to the X-point
region 41 the grad-B drift is outward and the EB drift is
inward, proving a source and a sink, respectively, of particles
to the SOL. The diagmagnetic drift is relatively smaller in
the SOL. The particle flux variation in the SOL for deuterium
for the B− field direction shown in Fig. 9 reflects this varia-
tion in particle source and sink distributions.
Note that there are three stagnation points in the deute-
rium parallel flow in the SOL for the B− drifts. Recent
probe measurements of deuterium flow in DIII-D Ref. 19
and Alcator C-MOD Ref. 20 find similar results. In a
DIII-D L-mode discharge with the same B− field direction
grad-B drift toward divertor, probe measurements found a
similar magnitude of deuterium flow in the crown region and
also two flow stagnation points.19
In a C-MOD discharge comparable to the B-case shown
in Fig. 9 grad-B drift toward lower divertor discharge, four
probe measurements near the outboard midplane found par-
allel ion flows toward the inboard divertor, consistent with
the negative flows calculated for locations 30-35 shown in
Fig. 9. The single inboard midplane probe measurement for
C-MOD also found a negative flow toward the inner divertor,
while the calculation shown in Fig. 9 at location 18 predicts
stagnant or slightly positive flow, but the differences in con-
figuration and plasma condition could easily account for this
difference. The C-MOD experiment did not have probes in
the upper inboard quadrant that could have detected the pre-
dicted positive flow toward the outboard divertor. Note that
the positive/negative sign convention for the parallel flows is
reversed for this paper and for the C-MOD results. Further
note that the current and field are usually parallel in CMOD
and are both reversed when the field is reversed, as con-
trasted to the situation calculated in this paper in which the
current and field are antiparallel for the B− case and only
the field is reversed to obtain the B+ case, so that the cal-
culated current and electrostatic potential results do not ap-
ply to CMOD.
The C-MOD parallel flow results were originally
attributed20 to a ballooning mode enhancement of particle
transport from the core into the SOL on the outboard side.
Subsequently, Aydemir21 offered an explanation for the
C-MOD parallel flow results somewhat similar to the model
of this paper, but based on poloidally asymmetric ion sources
and sinks in the SOL due to radial Pfirsch–Schluter flows
from and to the core, instead of the poloidally asymmetric
ion sources and sinks in the SOL due to grad-B and curvature
drifts from and to the core that are modeled in this paper.
These Pfirsh–Schluter flows would be radially outward from
the core into the SOL on the outboard low-field side and
radially inward from the SOL to the core on the inboard side.
The grad-B effect is capable of producing multiple stagna-
tion points, as shown in Fig. 9 for the B+ case, but neither
the ballooning mode nor the Pfirsch–Schluter effect is ca-
pable of doing this, so several probe measurements of paral-
lel ion flow in the inboard SOL could distinguish between
the “grad-B drift” explanation on one hand and “ballooning
mode” or “Pfirsch–Schluter” explanations on the other hand.
When the field direction is changed from B− to B+
FIG. 9. Color online Parallel deuterium ion velocity in divertor regions
1-9 and 42-50 and SOL.
FIG. 10. Color online Parallel carbon ion velocity in divertor regions 1-9
and 42-50 and SOL.
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all of the radial drift directions are reversed, reversing the
particle source and sink distributions in the SOL. The
changes in the sources and sinks in the divertor channels are
not as pronounced. The resulting deuterium B+ velocities
are shown in Fig. 9
The calculated carbon parallel flow distributions are
shown in Fig. 10. The same type of variation in particle
sources and sinks because of the radial drifts also is present
for carbon, but obviously other factors are dominant in the
carbon force balance because the carbon parallel flows are of
the opposite sign from the deuterium parallel flows in many
locations. This opposite signs for the carbon velocity which
can be measured and the deuterium velocity which cannot
has profound implications for the interpretation of flow mea-
surements in the SOL.
E. Penetration of injected argon into the core plasma
It has been observed experimentally22 in DIII-D H-mode
discharges that the penetration of the core plasma by argon
injected into the private flux region of the divertor is signifi-
cantly greater when the ion grad-B drift is toward the di-
vertor B− than away from the divertor B+. In the
model of this paper, the net penetration of argon from the






r d0, indicating a net radi-
ally inward  drift. This parameter is calculated to be 0
for the B− field direction shown in the Figs. 1–4, with the
ion grad-B drift direction into the divertor, and to be 0 for
the reversed B+ field direction with the ion grad-B drift
direction out of the divertor, in qualitative agreement with
the experimental observation. The significantly lower argon
density shown in the divertor and SOL in Fig. 5 for the B−
than the B+ magnetic field configurations is also indicative
of this same trend; since both calculations were performed
with the same argon source and recycling coefficient, the
lower argon concentration in the SOL for B− than for B+
indicates a larger argon concentration in the core by a factor
of 2–3.
IV. SUMMARY
A calculation was made of the effects of drifts and tor-
oidal magnetic field direction on flows, currents, electric
fields, density, and temperature distributions in a model prob-
lem with parameters characteristic of a DIII-D H-mode dis-
charge. A number of interesting phenomena—multiple rever-
sal of parallel flows and currents in the SOL, opposite signs
of the carbon and deuterium flow velocities in the SOL, re-
versal of the sign of the electrostatic potential and electric
fields with the reversal of the toroidal magnetic field direc-
tion, larger penetration of the core plasma by argon injected
in the divertor when the ion grad-B drift was toward than
away from the divertor, etc., were predicted, many of which
have been experimentally observed.
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